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ABSTRACT

The U.S. Geological Survey is cooperating with the U.S. Bureau of Mines in the selection
of a site for a shaft and experimental mine to be constructed in the Piceance Creek basin, Rio
Blanco County, Colo.

The Piceance Creek basin, an asymmetric, northwest-trending large structural downwarp, is
located approximately 40 km (25 mi) west of the town of Meeker in Rio Blanco County, Colo. The
oil-shale, dawsonite, nahcolite, and halite deposits of the Piceance Creek basin occur in the
lacustrine Green River Formation of Eocene age. In the basin the Green River Formation com-
prises three members. In ascending order, they are the Douglas Creek, the Garden Gulich, and
the Parachute Creek Members,

Four sites are presented for consideration and evaluated on geology and hydrology with
respect to shale-0il economics. Evaluated criteria include: (1) stratigraphy, (2) size of
site, (3) oil-shale yield, (4) representative quantities of the saline minerals dawsonite and
nahcolite, which must be present with a minimum amount of halite, (5) thickness of a "leached"
saline zone, (6) geologic structure, (7) engineering characteristics of rock, (8) representa-
tive surface and ground-water conditions, with emphasis on waste disposal and dewatering, and
{9) environmental considerations.

Serious construction and support problems are anticipated in sinking a deep shaft in the
Piceance Creek basin. The two major concerns will be dealing with incompetent rock and large
inflow of saline ground water, particularly in the leached zone. Engineering support problems
will include stabilizing and hardening the rock from which a certain amount of ground water
has been removed,

The relative suitability of the four potential oil-shale experimental shaft sites in the
Piceance Creek basin has been considered on the basis of all available geologic, hydrologic,
and engineering data; site 2 is preferred to sites 1, 3, and 4,

The units in this report are presented in the form: metric (English). Both units of
measurement are necessary as measurements were taken in English units, and most of the con-
tracting agencies involved are using predominantly English units.



METRIC CONVERSION

English units used in this report may be converted to metric units by the following
conversion factors:

English Multiply by Metric
inches 25.4 millimeters (mm)
feet .3048 meters (m)
miles 1.609 kilometers (km)
square miles 2.590 square kilometers (km2)
acre-feet .001233 cubic hectometers (hm3)
pounds per cubic foot 16.02 kilograms per cubic meter (kg/m3)
gallons per ton 3.785 liters per ton (L/ton)
barrels per day .1590 cubic meters per day (m3/d)
tons per day .9072 tonnes per day (t/d)
cubic feet per second .02832 cubic meters per second (m3/s)
feet squared per day .0929 meters squared per day (m2/d)
acres 2.47 hectares
1b/in2 .0069 Megapascal (MPa)



GEOLOGIC EVALUATION

By
John R, Ege and Susan G. Steele

INTRODUCTION

At the request of the USBM (U.S. Bureau of Mines), the USGS (U.S. Geological Survey) is
cooperating in the selection of a site for an experimental shaft and mine to be constructed
in the 0il shale of the Piceance Creek basin, Rio Blanco County, Colo. The purpose of the
shaft and mine is to develop and test mining techniques in a typical underground environment
that would be representative of a commercial shale-oil recovery site. In addition to shale-
011 development, consideration will be given to aluminum and sodium bicarbonate recovery from
dawsonite and nahcolite deposits disseminated throughout the rich oil-shale zones underlying
the dissolution surface.

USGS technical assistance is divided into two phases. Phase I involved preliminary in-
vestigations of potential sites that satisfy the following general criteria:

1. Overburden to top of Mahogany zone (245-365 m (800-1,200)).

2. Size of site (1,000-2,000 ha (2,470-4,940 acres)).

3. Continuous oil-shale section at least 150-300 m (about 500-1,000 ft) thick that
averages 70 L/ton (20 gal/short ton) and lies between the dissolution surface and the base of
the R-2 oil-shale zone. The section should also contain representative quantities of the
minerals dawsonite and nahcolite and minimum amounts of halite.

4. A thickness of about 120 (400 ft) of the leached saline zone that lies below the
Mahogany zone.

5. Representative salinity, hydraulic conductivity, and transmissivity of general surface
and ground-water conditions.

6. No areas containing major fault or fracture systems.

Phase Il of USGS technical assistance entailed core drilling and analyses, inhole hydro-
logic testing, geophysical logging, and environmental investigations.

GEOLOGY

The Piceance Creek basin, an asymmetric, northwest-trending large structural downwarp
that lies west of Meeker in Rio Blanco County, Colo., contains oil shale, dawsonite, halite,
and nahcolite in the Green River Formation.

The lacustrine Green River Formation of Eocene age underlies large areas of the Uinta,
Green River, Washakie, Piceance Creek, and Sand Wash basins of northeastern Utah, southwestern
Wyoming, and northwestern Colorado. In the basin the Green River Formation comprises three
members. In ascending order, they are the Douglas Creek, the Garden Gulch,and the Parachute
Creek Members. The Parachute Creek Member is overlain by the Uinta Formation. The Douglas
Creek consists of sandstone and minor amounts of algal and oolitic limestone; the Garden
Gulch is mainly clay shale and low- to moderate-grade oil shale that grades into richer oil
shale at the basin center; the Parachute Creek is almost entirely low-grade to rich 01l shale
that contains thin analcimized tuff beds and thin sandstone beds, finely disseminated dawsonite,
pods of nahcolite, and beds of halite and nahcolite (Donnell and Blair, 1970). The Uinta For-
mation consists of a transitional sequence of sandstones,siltstones, and marlstones that grade
upward into predominantly massive brown medium- to coarse-grained sandstone and some thin
beds of marlstone and siltstone (Cashion and Donnell, 1974).



The basin is a large northwest-trending asymmetric structural downwarp, having very
gently dipping limbs on the south and west and more steeply dipping 1imbs on the north and
east. Dips in the Green River Formation range from less than 1° on the south margin to as
great as 27° on the north rim. Numerous small subparallel northwest-oriented folds are present,
the most prominent being the Piceance Creek dome in the northeastern part of the area.

Several northwest-trending faults, having displacements of less than 15 m (50 ft), have
been mapped west of the Piceance Creek dome. Most of the fault zones are coated or filled
with calcium carbonate and with minor amounts of solid hydrocarbon. A well-defined system of
northwest- and northeast-trending joints is present, and in the west-central part of the area
a partial adjustment of streams to this joint system has resulted in trellislike drainage
pattern (Donnell, 1961).

Several beds and horizons have been recognized throughout the basin and are useful for
correlation purposes (table 1). Some of these beds are altered ash, others are rich oil-shale
zones. Two geophysical (resistivity) horizons, the black marker and the orange marker, are
extensively used for subsurface correlations. The black marker, a low-resistivity peak,
delimits the base of the Mahogany zone (the uppermost rich oil-shale sequence); the orange
marker, defined by a unique log configuration, marks the lower 1limit of the saline minerals
or of oil shale of potential economic interest (Donnell and Blair, 1970; Cashion and Donnell,
1972). A third geophysical horizon, the blue marker, 1ies above the orange marker and repre-
sents an abrupt and extreme decrease in the resistivity of the formation over an area of
approximately 1,300 km? (500 mi2) at and near the center of the Piceance Creek basin. However,
toward the margin of the basin this abrupt break between high and Tow resistivity climbs pro-
gressively higher in the section (J. R. Donnell, written commun., 1976). For the entire
basin, the base of the R-2 shale zone (J. R. Donnell, written commun., 1976) should be used
as the horizon delineating the break between the Parachute Creek Member and the Garden Gulch
Member of the Green River Formation (Cashion and Donnell, 1972).

ECONOMIC CONSIDERATIONS

Marlstone or shale that yield appreciable amounts of o0il upon distillation are classed
as 0il shale. Rich oil shale has a high organic (kerogen) content that imparts a waxy luster
and a dark-brown, reddish-brown, or nearly black color to the rock. The high organic content
enables the rock to resist erosion better, and rich shale beds weather to ledges, whereas
Tean and barren marlstone weathers to grooves or slopes (Donnell, 1961).

An oil-shale section, for purposes of this report, is defined as a continuous vertical
interval of oil shale that contains a minimum of 60 percent by volume of 0il shale which
yields greater than 75.7 L/ton (20 gal/ton) of shale oil (fig. 1).

The oil-shale sections were determined from histograms of oil-shale assays that were
sampled from continuous core at 0.3-m-(1-ft-) depth intervals obtained from vertical explora-
tory borings. This limitation, established for an oil-shale section insures that, in general,
the shaft will not penetrate thicknesses of "lean" or less than 75.7 L/ton (20 gal/ton) oil-
shale sections in layers greater than 30.4 (100 ft) thick. For example, the assay histogram
for a particular exploratory core shows that the interval between depths of 304.8 m (1,000 ft)



Table 1.--Geophysical and stratigraphic horizons, Piceance Creek basin,
Rio Blanco County, Colorado

Horizon Explanation
A-groove 0il1-Tean tuffaceous unit that marks the top of the Mahogany zone.
Mahogany zone Basal part of upper oil-shale zone composed almost entirely of rich
0il shale.
Black marker Geophysical marker at the base of the Mahogany zone, Related to the

B-groove, an oil-Tean tuffaceous unit.

Leached zone Geohydrologic unit in which large amounts of water-soluble minerals
(nahcolite and halite) have been removed by ground-water dissolution,

Zone of halite Zone where halite beds of irregular thickness and random distribution
beds are present; thickest bed is 12 m (40 ft).

Blue marker An abrupt and extreme decrease in the resistivity of the formation.

Orange marker Geophysical marker generally coinciding with the Tower limit of oil

shale of potential economic interest.
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and 762 m (2,500 ft) contains 320 m (1,050 ft) of oil shale that yields more than 75.7 L/ton
(20 gal/ton) of shale oil. This section is, therefore, defined as an oil-shale section of 70
percent, and which yields greater than 75.7 L/ton (20 gal/ton) oil shale. Figure 1 shows the
relation between the percentage volume oil-shale sections and their corresponding average
shale-o0il yields.

The leached zone and saline mineral zones (dawsonite, nahcolite, and halite) were deter-
mined from core logs, assays, and reports published by investigators from the USGS and the
USBM.

Keighin (1975) estimated that in beds greater than 3.0 m (10 ft) thick and yielding
94.6 L/ton (25 gal/ton), there are 68 billion tonnes (471 billion barrels) of oil in place;
of this total, 20 billion tonnes (135 billion barrels) are contained in the Mahogany zone of
the Parachute Creek Member. Rich oil-shale zones of potential importance are contained in the
Parachute Creek Member; they are the upper Mahogany ledge and the lower zone. In the north-
central part of the basin the lower zone contains a thickness of as much as 245 m (800 ft) of
0il shale, which averages 100 L/ton (30 gal/short ton) shale 0il, The saline minerals in the
Tower zone dilute the oil shale, resulting in Tower oil-yield values. Removal of these saline
minerals causes an apparent enrichment of the rock (Trudell and others, 1970).

Donnell and Blair (1970) and Cashion and Donnell (1972) have recognized correlatable
oil-shale zones that are differentiated on the basis of their overall high shale-oil content.
The Mahogany zone and two other rich oil-shale zones in the lower zone, the R-6 (zone 13 of
Dyni, 1974) and R-4 (zone 9 of Dyni, 1974) have been designated as correlatable because of
their persistence and their relative lack of contamination by beds of halite and nahcolite.

In places in and near the centers of saline deposition, other zones are of equal thickness and
richness but the abundance of saline minerals confuse oil-yield values so that correlation of
these zones on the basis of oil yield alone is not possible.

Dawsonite (basic carbonate of aluminum and sodium--[NaA1(OH),C037) and nahcolite (sodium
bicarbonate--NaHCO3) deposits of the Piceance Creek basin are distributed throughout a tre-
mendous volume of oil shale. The distribution of these deposits may be controlled by salinity
gradients that existed in the Tacustrine environment and caused most of the dawsonite and
nahcolite to be concentrated in the deeper northern half of the Piceance Creek basin (Hite and
Dyni, 1967).

Dawsonite, which contains 35 weight-percent alumina, a potential source of aluminum,
occurs as microscopic crystals finely disseminated throughout the oi1 shale and as thin
lTaminae along bedding planes and in small vugs. The dawsonite shows great vertical and areal
distribution in the northern part of the basin. 011 shale containing dawsonite in the center
of the basin attains average thicknesses of 215-335 m (700-1,100 ft), the top of the mineral-
ized zone ranges in depth from about 300 to 600 m (1,000 to 2,000 ft) below the surface (Beard
and others, 1974).

In an exploratory core near the center of the basin about 92 m (300 ft) of the dawsonite
zone averaged 2.3 percent aluminum. Estimates of the alumina contained in dawsonite indicate
that about 38 million tons (42 million short tons) are present in 2.6 km? (1 mi2), more than
the total bauxite reserves of the United States (Hite and Dyni, 1967).



Nahcolite, a source of sodium bicarbonate, is more abundant and widespread than dawsonite
in the basin. Nahcolite occurs in both nonbedded and bedded forms, and scattered throughout
much of the saline-rich zone of the Parachute Creek Member are rosette and irregular aggre-
gates of coarse-bladed crystals of brown nahcolite. The lower 186-344 m (610-1,130 ft) of the
Parachute Creek Member and the upper part of the Garden Gulch Member consist of low- to high-
grade 011 shale that contains variable amounts of nonbedded crystalline aggregates of nahcolite
and beds of nahcolite and halite (Hite and Dyni, 1967, Dyni, 1974; Beard and others, 1974).

Dyni (1974) estimated that a zone of nahcolite-bearing cil shale at least 30 m (100 ft)
thick underlies an area of about 666 km2 (257 mi2) and contains at least 29 billion tons (32
billion short tons) of nahcolite. This is the second largest known deposit of sodium carbonate
in the world, surpassed only by the Wyoming trona deposits.

DISCUSSION OF POTENTIAL SITES

Four sites (fig. 2; table 2) are presented for consideration as potential shaft locations
on the basis of the guidelines discussed earlier. C. W. Keighin (USGS, cral commun., 1976)
designated tracts W, X, Y, and Z as potentially suitable mine sites for the USBM in 1974 after
considerable evaluation. These are virtually the same tracts we have designated as 1, 2, 3,
and 4 (fig. 2). Each site will be described separately. Figures 3-6 show cross sections through
potential sites., Table 1 explains the stratigraphic and geophysical horizons used in site
descriptions.

Site 1 is located in the north part of the basin and predominantly west of Yellow Creek
(fig. 2). Exploratory borings C-34 and C-171 were drilled to define the site. The continuous
0il shale, as defined earlier in this report, is not of uniform thickness across the line of
section A-A'as one proceeds from west to east (fig. 3). The oil-shale section decreases in
thickness from 539.4 m (1,770 ft) at boring C-171 to 320 m (1,050 ft) at boring C-34, the loss
occurring in the upper part of the section. This thinning suggests dilution of the marlstene
by nonkerogenous materials. A cursory examination of the core logs for the C-34 and C-171
borings shows that C-34 contains thicker lenses of sandstone and siltstone and has higher amounts
of core loss and broken core in the leached zone below the A-groove than does C-171. These
factors may explain the apparent decrease in shale-oil values in the leached zone in the C-34
boring, or eastern part, of the cross section.

The oil-shale section through the C-171 boring 539.4 m (1,770 ft) thick centains 62 per-
cent by velume of rock that averages 78.7 L/ton (20.8 gal/ton); whereas, the C-34 boring 320 m
(1,050 ft) thick contains 60 percent by volume of rock that averages 84.7 L/ton (22.4 gal/ton).

The thickness of the leached zone at C-171 is 167.6 m (550 ft) and at C-34 it is 177.8 m
(582 ft). The general zone of halite beds is not present here, although a 3 m (10 ft) zone of
halite has been recorded in C-34. No major faults have been mapped at site 1.

Site 2 lies near thecenter of the basin, predominantly north of Ryan Gulch (fig. 2). Ex-
ploratory borings C-13, C-177, and C-7 were used to define the line of section B-B' (fig. 4).
The continuous oil-shale section maintains a uniform thickness throughout the area. At C-13
the section is 484.6 m (1,590 ft) thick and contains 72 percent by volume of rock that averages
93.8 L/ton (24.8 gal/ton). At C-177 the section is 499.8 (1,640 ft) thick and contains 63 per-
cent oil shale that averages 88.1 L/ton (23.3 gal/ton), and at C-7 the section contains 479.1 m
(1,572 ft) of 63 percent oil shale that averages 83.6 L/ton (22.1 gal/ton).



Table 2.--Explanation of names of exploratory core holes

Exploratory core hole Owner
c-4 Sinclair Fed. 8005
C-6 Sinclair Fed. Strat 1 and 1B
c-7 Pan Am Saterdal-}
C-13 Sinclair Skyline #2
C-34 CCH#1, Colorado Core Hole #1
C-35 CCH#2, Colorado Core Hole #2
C-157 Humble Yellow Creek #1
C-171 CCH#3, Colorado Core Hole #3
c-177 Shell 22X-1
C-192 Superior Strat Test-1
C-197 Shell #A1X-9
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The thickness of the leached zone ranges from 121.9 to 137 m (400 to 450 ft) and the
thickness of the zone of halite beds ranges from 30.4 to 91.4m (100 to 300 ft). The maximum
thickness of any one halite bed recorded in the C-177 drill hole was 11.2m (37 ft).

A major fault zone that forms a graben or downdropped structure lies between the C-177
and C-7 drill holes. Fault displacements mapped in the basin are reported to be generally
Jess than 15.2 m (50 ft) (Donnell, 1961).

Site 3 Ties in the north part of the basin and straddies Yellow Creek (fig. 2). The site
is defined by the C-157 and C-6 borings (fig. 5). The stratigraphic contacts in C-157 are
inferred from regional geology; the exact data have been classified as proprietaryat this

time.

The continuous 01l shale maintains uniform thickness along the Tine of section. At the
C-157 dril1 hole the oil-shale section is 475.4 m (1,560 ft) thick and contains 71 percent by
volume of rock that averages 95 L/ton (25.1 gal/ton). The C-6 hole contains 432.8 m (1,420 ft)
of 66 percent oil shale that averages 80.6 L/ton (21.3 gal/ton).

The thickness of the leached zone is estimated to be about 76.2 m {250 ft) and the zone of
halite beds is about 70.1 m (230 ft). The maximum thickness of any single layer of halite is
projected to be less than 15.2 m (50 ft). No faults have been mapped at this location.

Site 4 is located in the northeast part of the basin (fig. 2). The site is defined by
the C-4, C-192, and C-197 borings. Data from the C-192 and C-197 holes have been classified
as proprietary and cannot be released to the public at this time.

The continuous oil-shale section is not uniform in thickness along the line of section
(fig. 6), which is similar to the situation encountered at site 1. This nonuniformity may,
as for site 1, be explained by dilution of the oil shale by sandy and siity lenses of sediments
and by the Teaching of large amounts of saline minerals.

The thickness of the continuous oil-shale section at the C-197 boring is approximately
426 m (1,400 ft) and contains an estimated 60 percent by volume of rock that averages
88.2 L/ton (23.3 gal/ton). The C-192 hole, which did not penetrate the total oil-shale
section, contains at least 251 m (824 ft), and for this report is projected to 304.8 m
(1,000 ft) of an estimated maximum 71 percent oil shale that averages 81 L/ton (24.1 gal/ton).
The C-4 boring contains 484.6 m (1,590 ft) of 65 percent 0il shale that averages 90 L/ton
(23.8 gal/ton),

The leached zone and zone of halite beds are extrapolated from nearby holes. For site
4 the thickness of the leached zone is estimated to be 152.4 m (500 ft) and the thickness of
the zone of halite beds to be 30.4 m (100 ft). No faults have been mapped in the area.

ENGINEERING GEOLOGY

Serious construction and support problems are anticipated in the sinking of a deep shaft
in the Piceance Creek basin. The two major concerns are incompetent rock and large inflow
of saline ground water. The worst mining conditions will be found in the leached zone, a
geohydrologic unit in which large amounts of the water-soluble minerals nahcolite and halite
have been removed by ground-water dissolution. The removal of the saline minerals has
produced a highly porous and permeable, vuggy, fractured and brecciated, low-strength rock.
In addition, this porous and permeable zone is an aquifer that contains large amounts of
highly saline ground water which must be removed and disposed of during mining operations.

Support problems will include stabilizing and hardening the rock from which a certain
amount of ground water has been removed, thereby leaving voids that were formerly filled
with water. Under the increased stress concentrations created by the mined opening, there
is a strong possibility that the dewatered o0il shale will collapse around the shaft. Another
engineering probiem will be to prevent water inflow into the shaft and to take into account
any hydraulic head acting on the shaft walls at depths exceeding 304.8 m (1,000 ft).
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Figure 7 is an engineering-properties log for borings.C-34, C-171, and C-35. The black"
marker is used as the datum on the log and core index is plotted against hole depth. The core
index is a numerical value ranging from O to 100 that quantifies the degree of fracturing of
the rock, increasing core index values signify increasing humbe%s of fractures. The core
index is a measure of-core loss, broken core, and fractures Gbsérved in the core and which
are logged on an ordered basis. The core index has been used extensively in exploratory,
tunnelling, and shaft projects in which the USGS has been involved, and considerable experience
has been gained in applying the concept to practical engineering programs. In general, a core-

index value greater than 50 indicates incompetent rock.

‘A general core-indéx pattern can be observed for the three bo;}ngs (fig. 7). Above the
A-groove and the leached zone there is an intervai of moderately high core-index values. This
interval passes through brittle beds of sandstone and si]tgtone and represents fractured rockg,
A second interval, between the A-groove and the black marker, shows a thick zone of high core-
~Yridex values in the C-34 and C-171 borings and a much thinner zone in the C-35 boring. This )
latter interval represents the leached zone and is characterized by high core Toss and strongly
broken core. Borings C-34 and C-171 are lTocated near the‘éenter of the basin and near the
center of the saline deposition; they apparently have had a larger volume of salines available
for dissoiution. Boring CZ35; which ¥s not in a basin, is about 3.6 km (8.5 mi) southwest of
C-34 and C-171 and apparently has been less affected by disselution and is, therefore, Tess!
brecciated. ;

Table 3 lists physical property values from core taken from the C-171 boring. Core
samples were gathered at various depths and represent several rock types and environments.
The unleached 011 shale can be classified as a medium-strength low-elastic-modulus-ratio rock;
that is, a rock having a uniaxial compressive strength that ranges from 55.2 MPa to 110.4 MPa .
(8,000 to 16,000 1b/in2) and a modulus ratio of less than 200.

Young's modulus
Compressive strength <200

(See Deere and Miller, 1966.)

CONCLUSIONS

The relative suitability of the four potential oil-shale experimental shaft and mine
sites in the Piceance Creek basin has been considered on the basis of all availablé géologic,
hydrologic, and engineering data. The hydrology is discussed in detail in the hydrology section
of this report by J. B. Weeks, and G. H. Leavesley (USGS). B I l

We rank the suitability of the four potential sites as follews, with rank T being the
most favorable;

Location Rank
Site 2 1,
Site 3 ?

Site 1 3 .
Site 4 4 .

™ -

Site 2 is considered the most favorable. The oil-shale section thickness ds~un1€erm-angwf
the quantity and -salinity of ground water are less;than the other three sitesfid. B. weeks:§ § oz
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